The LRRK2/MUC19 gene region constitutes a high-risk genetic locus for the occurrence of both inflammatory bowel diseases (IBDs) and Parkinson's disease. We show that dendritic cells (DCs) from patients with Crohn's disease (CD) and lymphoblastoid cell lines derived from patients without CD but bearing a high-risk allele (rs11564258) at this locus as heterozygotes exhibited increased LRRK2 expression in vitro. To investigate the immunological consequences of this increased LRRK2 expression, we conducted studies in transgenic mice overexpressing Lrrk2 and showed that these mice exhibited more severe colitis induced by dextran sodium sulfate (DSS) than did littermate control animals. This increase in colitis severity was associated with lamina propria DCs that showed increased Dectin-1-induced NF-B activation and proinflammatory cytokine secretion. Colitis severity was driven by LRRK2 activation of NF-B pathway components including the TAK1 complex and TRAF6. Next, we found that membrane-associated LRRK2 (in association with TAB2) caused inactivation of Beclin-1 and inhibition of autophagy. HCT116 colon epithelial cells lacking Beclin-1 exhibited increased LRRK2 expression compared to wild-type cells, suggesting that inhibition of autophagy potentially could augment LRRK2 proinflammatory signaling. We then showed that LRRK2 inhibitors decreased Dectin-1-induced TNF- production by mouse DCs and ameliorated DSS-induced colitis, both in control and Lrrk2 transgenic animals. Finally, we demonstrated that LRRK2 inhibitors blocked TNF- production by cultured DCs from patients with CD. Our findings suggest that normalization of LRRK2 activation could be a therapeutic approach for treating IBD, regardless of whether a LRRK2 risk allele is involved.
INTRODUCTION
The prevailing view of the pathogenesis of major inflammatory bowel diseases (IBDs), such as Crohn's disease (CD) and ulcerative colitis (UC), is that they are caused by dysregulated and therefore enhanced immune responses to microbial organisms in the gut microbiome that ultimately result in gut inflammation. Major support for this view comes from studies of murine models of gut inflammation that invariably show that germ-free mice do not develop inflammation in the face of immune abnormalities that usually result in spontaneous inflammation such as interleukin-10 (IL-10) deficiency or tumor necrosis factor- (TNF-) hyperexpression (1) . Important support for this notion comes from the fact that the various single-nucleotide polymorphisms (SNPs) associated with these diseases affect the risk for disease development through their effects on mucosal immune homeostasis. Prime examples of this include (i) the disease polymorphisms associated with the NOD2 (nucleotide binding oligomerization domain containing 2) gene that adversely affect host defense function or an immunoregulatory function that limits excessive innate responses (2) and (ii) the protective polymorphisms associated with the IL-23 receptor that result in decreased proinflammatory T helper 17 cell (T H 17) responses (3) .
In view of the many risk polymorphisms that have been associated with IBD, further studies of the mechanism by which polymorphisms cause or prevent disease represent a potentially fruitful approach to understanding disease pathogenesis as well as a means of identifying new treatments. Among the risk polymorphisms awaiting, such further study are those nested in the LRRK2/MUC19 gene region. This region can be considered a disease "hotspot" in view of the fact that mutations and SNPs in this gene region are risk factors associated with several major diseases including Parkinson's disease (PD) (4, 5) , IBD (6) , and leprosy (7) . With respect to IBD, this polymorphism has particular significance because the SNPs in the LRRK2/ MUC19 locus have an odds ratio (OR) exceeded only by that of the IL-23R locus among those loci shared by CD and UC. Thus, the elucidation of the contribution of the LRRK2/MUC19 locus to IBD pathogenesis may be particularly important to the understanding of disease pathogenesis.
LRRK2 (leucine-rich repeat kinase 2) is a large protein with several identifiable domains including a ROC (Ras of complex proteins) domain, a COR (C-terminal of Roc) domain, a kinase domain, and an LRR (leucine-rich repeat) domain. This suggests that it can have several functions in different types of cells. Mutations in this gene are a cause of autosomal dominant PD, but precisely how these mutations lead to abnormal neuronal function and the symptoms of PD is not well understood (8) . In the gastrointestinal (GI) tract, LRRK2 is present in various antigen-presenting cells, suggesting that it plays some role in regulating the cytokines that mediate inflammation. Here, we analyzed LRRK2 function in a mouse model of colitis and in dendritic cells (DCs) from patients with CD and established that LRRK2 has an important role in Dectin-1-mediated innate immune responses.
RESULTS

LRRK2 expression in DCs from CD patients
To evaluate how a LRRK2 risk allele may affect LRRK2 expression, we focused on the risk allele at rs1156258 located downstream of LRRK2 and associated with one of the highest risks for IBD among the alleles in the LRRK2 gene locus. In these studies, we compared LRRK2 mRNA in DCs from patients with CD or LRRK2 mRNA and protein in lymphoblastoid cell lines (LCLs) from individuals without CD, who were heterozygous for the LRRK2 risk allele (G/A) at rs11564258, with that in control cells (G/G) from patients without the risk allele at this locus. Homozygous A/A cells were unavailable because of the low frequency of risk allele A. The heterozygous cells exhibited increased LRRK2 mRNA expression both in DCs from patients with CD and in LCLs from individuals without CD (Fig. 1, A and B, and tables S1 to S3; Fig. 1A , P = 0.01; Fig. 1B , P = 0.04). LRRK2 protein expression in LCLs was measured by Western blot and was found to be elevated in cells with the rs1156258 SNP compared to those without (Fig. 1C and fig. S1 ; Fig. 1C , P = 0.01). These results indicated that the risk allele was associated with increased LRRK2 expression even in individuals without intestinal inflammation. On the basis of this finding, we pursued the study of LRRK2 function in both Lrrk2 transgenic (Tg) mice expressing about eight times more LRRK2 than wild-type (WT) mice (Fig. 2H ) and Lrrk2 knockout (KO) mice that lacked LRRK2 expression. The Tg mice consisted of mice bearing a bacterial artificial chromosome (BAC) containing the endogenous promoter/enhancer regions of the Lrrk2 gene and producing FLAG-tagged LRRK2.
Lrrk2 Tg mice exhibit more severe DSS-induced colitis than littermate control mice In initial studies, to evaluate global LRRK2 function during inflammation of the colon, we subjected Lrrk2 Tg mice as well as Lrrk2 KO mice to dextran sodium sulfate (DSS) that induced colitis. Lrrk2 Tg mice exhibited more severe DSS-induced colitis associated with enhanced proinflammatory cytokine secretion compared to littermate control mice or control mice from parents not bearing the transgene and reared in the same environment (Fig. 1, D to F, and fig. S2A ; Fig. 1D , day 10, P = 0.028; day 11, P = 0.019; Fig. 1E , P = 0.005). This was evident both in comparisons of weight loss and in histological evidence of colitis. In contrast, DSS-induced colitis in Lrrk2 KO mice was slightly less severe than in control mice ( fig. S2 , B to D). We verified these findings with multiple experiments inducing colitis in Tg and KO mice given that our results differed from a previous study that reported increased severity of DSS-induced colitis in Lrrk2 KO mice (9) . This discrepancy was likely to be the result of differences in the control mice used in the two studies and the fact that assessment of the severity of colitis required utilization of control mice with identical genetic and microbiological features to the experimental mice (10) . We found that the littermate control mice used in our studies of colitis in Lrrk2 KO mice manifested a different degree of colitis than did those mice directly obtained from the mouse supplier.
Dectin-1-mediated cytokine responses in DCs from
Lrrk2 Tg mice Given that several of the susceptibility genes in IBD (for example, NOD2 and CARD9) are likely to be causing disease through an abnormal innate immune response (2, 11), we reasoned that increased LRRK2 expression might enhance a pathogen-associated molecular pattern (PAMP)-driven inflammatory response.
To examine this possibility, we stimulated bone marrow-derived DCs (BMDCs) obtained from Lrrk2 Tg mice with various Toll-like receptor (TLR) ligands including zymosan, a yeast wall extract that also signals via Dectin-1 (a -glucan receptor). We found that whereas TLR2-and TLR4-specific ligands did not elicit an increased response in Lrrk2 Tg mice compared to control mice, zymosan did induce significant increases in TNF- and IL-23 synthesis ( Fig. 2A, fig. S3A , and table S3; Fig S1 ). (A) G/G genotype, n = 13; G/A genotype, n = 7, P = 0.0104; (B) G/G genotype, n = 9; G/A genotype, n = 9, P = 0.04; (C) G/G genotype, n = 9; G/A genotype, n = 9, P = 0.0098. (D) Lrrk2 Tg mice and littermate control mice were fed 2% DSS for 8 days, and body weight was measured. The data represent the average value for each group. n = 12 Lrrk2 Tg mice (Lrrk2 Tg) and n = 14 control mice (day 10, P = 0.0283; day 11, P = 0.0186). (E) Histological score of colon inflammation for Lrrk2 Tg and control mouse groups analyzed in (C). n = 12 Lrrk2 Tg mice and n = 14 control mice (P = 0.0054). Asterisk (*) indicates P < 0.05. (F) Representative photomicrographs of hematoxylin and eosin (H&E)-stained colon tissue on day 11 from Lrrk2 Tg mice and littermate controls. Data are presented as means ± SEM. Statistical significance was determined using an unpaired two-tailed Student's t test. (D) Whole-cell lysates (WCLs) of HEK293T cells co transfected with the indicated plasmids were subjected to immunoprecipitation with anti-FLAG antibody followed by immunoblotting (IB) with anti-green fluorescent protein (GFP) antibody. IgG, immunoglobulin G. (E) Whole-cell lysates of HEK293T cells co transfected with the indicated plas mids were subjected to immunoprecipitation (IP) with anti-GFP anti body, followed by immu noblotting with antihemagglutinin (HA) antibody. (F and G) Whole-cell lysates of HEK293T cells cotransfected with the indicated plasmids were subjected to immunoprecipitation with anti-FLAG antibody, followed by immunoblotting with anti-HA antibody. (H) Nuclear or cytoplasmic lysates of BMDCs from Lrrk2 Tg mice and littermate control mice were stimulated with ZymD in culture and then were subjected to immunoblotting with antibodies specific to the indicated ligands. Each of the studies is representative of at least three replicates. *P < 0.05 was considered a statistically significant difference. Statistical significance was determined with a Student's t test. LPS, lipopolysaccharide; PGN, peptidoglycan; IKK, IB kinase ; MW, molecular weight.
we stimulated BMDCs with various Dectin-1 agonists including a form of zymosan [zymosan depleted (ZymD)] that lacked TLRstimulating properties. We found that ZymD, as well as heat-killed Saccharomyces cerevisiae and heat-killed C. albicans also induced increased TNF- and IL-23 production in Lrrk2 Tg mouse BMDCs compared to WT BMDCs (Fig. 2B, fig. S3B , and table S3). This increased responsiveness of Lrrk2 Tg BMDCs correlated with the responsiveness of DCs from CD patients with the G/A genotype. These DCs also exhibited significantly increased production of TNF- when stimulated with ZymD compared to DCs from CD patients with the G/G genotype ( Fig. 2C and table S3 , P = 0.026). In contrast to these findings with Lrrk2 Tg mouse BMDCs, TNF- production in BMDCs from Lrrk2 KO mice was similar to that of BMDCs from Lrrk2 WT mice ( fig. S4 and table S3 ).
LRRK2 expression after NF-B activation in DCs from
Lrrk2 Tg mice The augmented Dectin-1-specific induction of proinflammatory cytokines by Lrrk2 Tg mouse BMDCs reported above as well as previous data suggested a role for LRRK2 in nuclear factor B (NF-B) activation (12, 13) . To investigate this possibility, we first determined the downstream binding partners of LRRK2 and their interactions using human embryonic kidney (HEK) 293T cells transfected with a LRRK2-GFP-expressing vector along with one or more tagged vectors encoding possible downstream-interacting molecules. We found that LRRK2 bound to various components of the NF-B activation complex including TRAF6, TAK1, TAB2, and NEMO (Fig. 2D ). However, LRRK2 did not bind to the components of the Malt1-BCL10-CARD9 complex (Fig. 2D ). Given that TRAF6 is an E3 ubiquitin ligase that mediates Lysine 63 (K63)-linked polyubiquitination and activation of interacting molecules, we next determined the ubiquitination status of LRRK2 after its binding to TRAF6. We found that LRRK2 interactions with TRAF6 or with TRAF6 and TAB2 resulted in robust LRRK2 polyubiquitination (Fig. 2E) . Unexpectedly, we also found that LRRK2 in the presence of TAB2 induced TRAF6 polyubiquitination, suggesting that LRRK2 interactions with downstream components may have initiated a positive polyubiquitination feedback loop (Fig. 2F ). Next, we tested whether LRRK2 interacted with NEMO, the proximal regulator of NF-B activation. We found that LRRK2 either alone or acting synergistically with TRAF6 augmented K63-linked polyubiquitination of NEMO (Fig. 2G) . Finally, we found that ZymD stimulation of BMDCs from Lrrk2 Tg mice enhanced the phosphorylation of NF-B-related components (IKK, IB, and p65) and, to a lesser extent, that of mitogen-activated protein kinase (MAPK)-related molecules as well (p38 and ERK1/2) (Fig. 2H ). These data cannot be attributed to possible effects of increased LRRK2 on total protein of the various NF-B components because stimulated cells from control and Lrrk2 Tg mice contained equivalent amounts of NF-B component total protein (Fig. 2H ).
LRRK2 regulates NFAT transcriptional activity in mouse BMDCs
Previous studies have reported that LRRK2 affects proinflammatory responses by down-regulating NFAT (nuclear factor of activated T cells) translocation and transcriptional activity (9, 14, 15) . Re-examining this possibility, we found that an NFAT luciferase reporter construct transfected into HEK293T cells exhibited an increase in NFAT activity after cotransfection of a LRRK2-expressing plasmid (fig. S5A and  table S3 ). In addition, we found that either zymosan or ZymD stimulation of BMDCs from Lrrk2 Tg mice led to significantly greater production of IL-2 (an NFAT-dependent cytokine) than similarly stimulated cells from littermate control mice (Zymosan, P = 0.039; ZymD, P = 0.023) (fig . S5B and table S3 ). Finally, we found that culturing ZymD-stimulated cells from control and Lrrk2 Tg mice in the presence of several inhibitors of LRRK2 led to decreased IL-2 production (figs. S7B and S8 and table S3). Together, these studies suggest that, contrary to a previous report, increased LRRK2 enhanced both NFAT translocation and transcriptional activity.
LRRK2 negatively regulates autophagy in mouse BMDCs
The aberrant NF-B activation associated with increased LRRK2 could be related to an accompanying defect in autophagy because the latter has been shown to affect NF-B signaling (16) (17) (18) . In studies addressing this question, we assessed autophagy in BMDCs from both Lrrk2 Tg mice and Lrrk2 KO mice after exposure of these cells to irradiated Mycobacterium leprae. This bacterial stimulus was chosen for several reasons including the fact that LRRK2 is a susceptibility gene for leprosy (7) and mycobacteria express molecules that activate human macrophages and mouse DCs through Dectin-1 (19, 20) . M. leprae, like Mycobacterium tuberculosis, is targeted for autophagy and autophagic elimination after uptake into macrophages through the action of guanosine triphosphatase (GTPase), the ubiquitin ligase parkin, and other components (21, 22) . Western blotting showed that conversion of LC3-I to LC3-II, an indicator of the induction of autophagy (23), was decreased in BMDCs from Lrrk2 Tg mice ( Fig. 3A) and increased in BMDCs from Lrrk2 KO mice ( fig. S3A ) compared to control mice. Furthermore, the decreased LC3-II in BMDCs from Lrrk2 Tg mice was not due to increased autophagic degradation given that LC3-II expression was reduced in BMDCs from Lrrk2 Tg mice compared to cells from control mice even after autophagic degradation was impaired by the addition of Bafilomycin A1 (BafA1) to the culture. In concert with this finding, p62 (an autophagic protein that was upregulated in Lrrk2 Tg cells at baseline) underwent an equivalent upregulation at both the mRNA (Fig. 3B and table S3 ) and protein level (Fig. 3A ) after cells were exposed to M. leprae. The bacteria were phagocytosed less by BMDCs from Lrrk2 Tg mice than by BMDCs from control mice. This was shown by blockade of autophagic degradation in BMDCs using BafA1, which resulted in less of a decrease in p62 in BMDCs from Lrrk2 Tg mice compared to littermate control cells (Fig. 3A) .
To verify these findings, we next measured autophagy in M. lepraestimulated BMDCs from Lrrk2 Tg or Lrrk2 KO mice that were crossed with GFP-LC3 Tg mice. This allowed us to quantitate the development of autophagy-associated LC3 puncta in primary BMDCs in the absence of secondary autophagy triggered by transfected plasmid DNA commonly used in autophagy assays. Using confocal laser scan microscopy, we found that Lrrk2 Tg BMDCs exhibited a decreased number of LC3 puncta, whereas cells from Lrrk2 KO mice exhibited an increased number of LC3 puncta (Fig. 3C and fig. S6B ).
Mechanism of LRRK2 inhibition of autophagy in mouse BMDCs
To study the mechanism of LRRK2 inhibition of autophagy, we first determined whether LRRK2 was associated with an autophagosomal membrane, the usual location of autophagy-associated proteins after stimulation of BMDCs with a phagosome/autophagosomeinducing stimulus. Using confocal microscopy, we found that after stimulation with heat-killed C. albicans, LRRK2 colocalized with the BMDCs from Lrrk2 Tg mice (Lrrk2 Tg) or littermate control mice were cultured with or without BafA1 (300 nM) for 30 min and then were stimulated with M. leprae for 2 hours. The cell lysates were subjected to immunoblotting to examine autophagic flux. Total RNA was extracted from BMDCs, and p62 mRNA expression was determined using real-time PCR. (B) Lrrk2 Tg mice, n = 3; control mice, n = 3; P values from left to right: P = 0.6819, P = 0.9586, P = 0.3713, and P = 0.3073). NS, not significant. (C) BMDCs from Lrrk2 Tg mice and littermate control mice that had been crossed with GFP-LC3 Tg mice were stimulated with M. leprae and then were evaluated for the number of GFP-LC3 puncta by confocal laser scanning microscopy. The data shown consist of pooled data from three independent experiments. (C) Lrrk2 Tg mice, n = 3; control mice, n = 3; M. leprae: 6 hours, P = 0.0010; M. leprae: 16 hours, P < 0.0001. *P < 0.05 was considered a statistically significant difference. Statistical significance was determined using a Student's t test. (D) BMDCs from Lrrk2 Tg mice were stimulated with HK-CA for 60 min in culture and then were stained with anti-FLAG antibody (green) and anti-LAMP1 antibody (red). DIC, differential interference contrast. (E) Whole-cell lysates of HEK293T cells cotransfected with GFP-LRRK2 and FLAG-Beclin-1 plasmids were subjected to immunoprecipitation with anti-FLAG antibody, followed by immunoblotting with anti-GFP antibody. (F) BMDCs from Lrrk2 Tg mice cultured with or without HK-CA were subjected to a proximity ligation assay (PLA) to detect LRRK2/Beclin-1 complexes (red). PLA-, no PLA probe, negative control; DAPI, 4′,6-diamidino-2-phenylindole.
endosomal/ lysosomal membrane marker LAMP1 (Fig. 3D) . Next, we determined whether LRRK2 interacted with Beclin-1, a key initiator of the autophagy cascade that previously was shown to be inhibited by TAB2 (24, 25) , a protein that interacts with LRRK2. Immunoblotting studies conducted in HEK293T cells revealed that LRRK2 bound to Beclin-1 (Fig. 3E ). In addition, using a proximity ligation assay (26), we showed that in unstimulated BMDCs from Lrrk2 Tg mice, Lrrk2 interacted with endogenous Beclin-1, and LRRK2/Beclin-1 complexes were found in the cytosol. When Lrrk2 Tg mouse BMDCs were stimulated with heat-killed C. albicans, the LRRK2/Beclin-1 complexes were also found on membranes surrounding the bacteria (Fig. 3F) .
In further exploration of the mechanism of LRRK2 inhibition of autophagy, we measured LRRK2-induced Beclin-1 inactivation. Beclin-1 is known to be degraded and inactivated by caspases 3 and 8 in a process that results in Beclin-1 cleavage (27) . Thus, we stimulated BMDCs from Lrrk2 Tg mice and littermate control mice with M. leprae and then subjected whole-cell lysates to Western blotting using anti-Beclin-1 antibodies. We found that cell lysates from Lrrk2 Tg mice exhibited more cleavage bands than did cell lysates from littermate control mice (Fig. 4A) . To determine whether LRRK2 alone or LRRK2 in association with TAB2 promoted Beclin-1 degradation, we analyzed immunoblots for Beclin-1 degradation. We found that Lrrk2 transfection alone or in combination with Tab2 transfection gave rise to Beclin-1 degradation bands and K48 polyubiquitination bands (Fig. 4B) . and that these proteins acted synergistically to increase the phosphorylation of Beclin-1 (Fig. 4B) .
In previous studies of neural tissue from Atg7 conditional KO mice and from ATG5-deficient mouse embryonic fibroblasts, it was shown that defective autophagy was associated with increased LRRK2 (29) . Thus, we compared LRRK2 mRNA and protein expression in HCT116 cells deficient in Beclin-1 or ATG5 with LRRK2 mRNA and protein expression in WT HCT116 cells. We found that ATG5-deficient cells exhibited increased LRRK2 expression compared to WT cells (Fig. 4, C and D, and table S3 ).
LRRK2 inhibitors abrogate the effects of LRRK2 on inflammation and autophagy LRRK2 inhibitors provide protection from the development of LRRK2-induced neurodegeneration in both in vitro and in vivo models of PD (30) . Furthermore, in rat microglia, LRRK2 inhibitors block TLR4-induced TNF- and inducible nitric oxide synthase (iNOS) production (31). We therefore screened 12 dif ferent LRRK2 inhibitors for their capacity to suppress ZymD-induced TNF- and IL-2 production by BMDCs from littermate control mice and found that 10 of the inhibitors exhibited dose-dependent suppression of TNF- and IL-2 production, whereas two of the inhibitors (GNE-0877 and FX2149) showed little or no ef fect on production of these cytokines ( Fig. 5 and fig. S7 ). The 10 effective LRRK2 inhibitors also suppressed the increased ZymD-induced TNF- and IL-2 production by BMDCs from Lrrk2 Tg mice (Fig. 5A,  fig. S8 , and table S3). Furthermore, two of the LRRK2 inhibitors (LRRK2-IN-1 and CZC54252) that suppressed ZymD-induced production of cytokines by BMDCs from Lrrk2 Tg mice also suppressed production of a number of proinflammatory cytokines by these BMDCs ( fig. S9 and table S3 ). Finally, we determined whether the suppressive effects of LRRK2 inhibitors on mouse BMDC cytokine production were relevant to DCs from patients with CD. We found that human DCs derived from the peripheral blood S11, A to C) . In addition, administration of a second LRRK2 inhibitor GNE-7915 inhibited DSS-induced colitis in both Lrrk2 Tg mice and littermate control mice (Fig. 5, C to E) .
DISCUSSION
A number of IBD-related risk polymorphisms have been identified in the chromosome 12q12 region that includes the LRRK2/MUC19 locus that confers varying degrees of increased risk for CD and, to a lesser extent, UC. The risk polymorphism rs11564258-studied here to define its effect on LRRK2 expression-is located downstream of LRRK2 and is a noncoding SNP that is in linkage disequilibrium with a coding SNP at rs33995883. Both SNPs confer an equal and substantially increased risk for the development of CD (OR, 1.7) (33). The LRRK2 risk polymorphism studied here was shown to be associated with increased LRRK2 expression in LCLs obtained from individuals without GI inflammation and in DCs from individuals with CD who were heterozygous for the risk allele. This suggests that the increased LRRK2 expression was not secondary to the presence of CD-associated inflammation. Notably, the risk polymorphism studied here is associated with a substantially greater risk for CD than reported previously by (12) or because LRRK2 exhibits increased phosphorylation and membrane localization in response to stimulation by TLR ligands up-regulated during inflammation (35) . These findings are consistent with those in the present study in which we found that mice with increased LRRK2 expression displayed increased Dectin-1-mediated cytokine responses and that LRRK2 exhibited interactions with NF-B signaling components associated with NF-B and MAPK activation. We found that although Lrrk2 Tg mice did not exhibit spontaneous gut inflammation, they exhibited increased inflammation and colitis when exposed to DSS. Lrrk2 Tg mice are thus similar to mice with loss-of-function Nod2 mutations that only show susceptibility to gut inflammation after exposure to inflammatory stress (36) . Finally, treating Lrrk2 Tg mice with LRRK2 inhibitors decreased the various proinflammatory responses including DSS-induced colitis due to increased LRRK2.
An interesting aspect of the current study is that although DCs from Lrrk2 Tg mice responded to stimulation by a Dectin-1 ligand (ZymD) with increased production of proinflammatory cytokines and increased cell signaling leading to activation of NF-B, they did not mount increased responses to the several TLR ligands tested. This may be due to an as yet poorly understood specific relation of LRRK2 to the Dectin-1 signaling pathway that does not apply to TLR signaling pathways. This observation is consistent with previous studies showing that cells from patients with CD mount increased proinflammatory cytokine responses compared to cells from control individuals when stimulated by several Dectin-1 stimuli (37).
Our observations indicating that LRRK2 increased inflammatory responses such as DSS-induced colitis in Lrrk2 Tg mice are in conflict with other studies reporting that LRRK2 reduced inflammatory responses (9) . These previous studies suggested that LRRK2 is an inhibitor of NFAT nuclear translocation and that loss of LRRK2 resulted in increased NFAT translocation and an increased inflammatory cytokine response mediated by NFAT. Thus, these studies suggest that decreased LRRK2 rather than increased LRRK2 expression underlies the increased proinflammatory cytokine responses in CD (9) . However, we could not verify these findings in our study. For example, we found that DCs from patients with and without CD, who were heterozygous for the LRRK2 polymorphism, exhibited increased rather than decreased LRRK2 expression. In addition, we found that whereas DCs from Lrrk2 Tg mice exhibited increased cytokine responses, those from Lrrk2 KO mice exhibited diminished cytokine responses. These cytokine data in Lrrk2 KO mice differed from findings reported by Liu et al. (9) in which bone marrow-derived macrophages (BMDMs) from Lrrk2 KO mice showed increased cytokine production. However, our findings are supported by previous reports showing that BMDMs from Lrrk2 KO mice exhibited no changes in cytokine production or NF-B expression when subjected to TLR ligand stimulation (38, 39) and that microglial cells subjected to Lrrk2 knockdown exhibited decreased TLR ligand-induced cytokine production compared to control cells (13, 31) . Finally, in contrast to Liu et al. (9) , we found that Lrrk2 KO mice did not exhibit increased DSS-induced colitis, whereas Lrrk2 Tg mice expressing increased LRRK2 did. We showed that inhibition of LRRK2 led to decreased ZymD-induced cytokine responses in human DCs and that LRRK2 inhibitors ameliorated DSS-induced colitis both in Lrrk2 WT and Lrrk2 Tg mice.
We conducted an analysis of LRRK2 function in relation to autophagy in human DCs from patients with and without CD. Previous insight into this relation came from studies of the effects of LRRK2 mutations on neuronal cell function in PD, which suggested that such mutations boost autophagy. However, the interpretation of these data with respect to normal (nonmutated) LRRK2 was equivocal (8) . For example, in a study of the role of LRRK2 in the regulation of rapamycininduced autophagy in Raw264.7 cells, a mouse macrophage cell line, it was shown that endogenous LRRK2 supported autophagy upon its recruitment to intracellular membranes, whereas either silencing Lrrk2 or blocking the LRRK2 kinase domain inhibited rapamycininduced autophagy (35) . In contrast, another study showed that transfected human neuronal cells overexpressing LRRK2 exhibited inhibition of autophagy and that LRRK2 silencing increased autophagy and prevented cell death induced by BafA1 under starvation culture conditions (40) . A potential problem with the interpretation of autophagy studies involving LRRK2 overexpression is that cells transfected with plasmids expressing LRRK2 are subjected to LRRK2-mediated apoptosis and thus secondary autophagy induced by survival signals. We therefore studied autophagy in mouse BMDCs exposed only to an autophagy-inducing microbe M. leprae. With this approach, we showed that cells from Lrrk2 Tg mice stably overexpressing LRRK2 or cells from mice lacking LRRK2 exhibited decreased and increased autophagy, respectively. These studies provide support for the notion that LRRK2 is primarily an inhibitor of autophagy. In addition, our data support those of a recent study showing that Lrrk2 KO mice had greater LC3-II in renal tissue at young ages (that is, increased autophagy) but lower amounts at older ages (41) . This finding suggested that although LRRK2 primarily suppresses autophagy, continuous dysregulation of autophagy over long time periods may override this effect.
The notion that LRRK2 inhibits autophagy is also supported by our data exploring the underlying mechanism, namely the ability of LRRK2 to bind to and then to induce K48 polyubiquitination and degradation of Beclin-1, an initiator of autophagy (42) . In addition, we demonstrated that the interaction of LRRK2 with Beclin-1 led to phosphorylation of Beclin-1, a known mechanism of Beclin-1 inactivation (28) .
One consequence of autophagy inhibition mediated by LRRK2 signaling is that it leads to increased LRRK2 and thus the potential enhancement of inflammation. The mechanism of increased LRRK2 secondary to inhibition of autophagy is unclear; however, it may be related to the fact that autophagy inhibition decreases LRRK2 degradation that would otherwise result from its propensity to bind to autophagic membranes (43) . A second consequence of LRRK2-mediated inhibition of autophagy relating to its proinflammatory effect arises from the effect of decreased autophagy on p62, an autophagy acceptor protein. Although Lrrk2 Tg mice and control mice both exhibited equivalent p62 mRNA expression upon stimulation with M. leprae, p62 protein was higher in Lrrk2 Tg mice presumably because of decreased consumption of p62 by autophagy. This increase in p62 could also contribute to LRRK2's effects on inflammation given that p62 can activate NF-B (16) . Finally, it should be noted that there is evidence that NF-B can inhibit autophagy via up-regulation of NEDD4, a signaling component that can cause Beclin-1 cleavage as does LRRK2 (44, 45) . Thus, NF-B activation and autophagy have reciprocal effects on one another, and it is presently unknown whether the two effects of LRRK2 on NF-B activation and autophagy are independent or linked.
Our demonstration that Dectin-1 signaling led to increased NF-B activity via activation of LRRK2 coupled with the fact that such activation suppressed autophagy suggests that Dectin-1 signaling can down-regulate autophagy via LRRK2 or the LRRK2 binding partner TAB2. Notably, LC3 is not a specific marker of autophagy in that it can be recruited to single-membrane phagosomes during LC3-associated phagocytosis (46, 47) . Because LC3-associated phagocytosis can be induced by zymosan (46), LRRK2 may negatively regulate LC3-associated phagocytosis as well as autophagy upon stimulation with ZymD. This seems to be the case given that we found that ZymD stimulation of BMDCs from Lrrk2 Tg mice also inhibited LC3-I conversion to LC3-II in the same manner as M. leprae.
The fact that LRRK2 activation links proinflammatory function with autophagy (and possibly LC3-associated phagocytosis) places this signaling molecule in a unique position vis-à-vis mucosal responses to the gut microbiome. On the one hand, LRRK2 activation initiates innate immune responses resulting in the production of cytokines such as IL-17 that drive IBD inflammation. On the other hand, LRRK2 inhibits cellular functions that play a role in the clearance of gut bacteria ( fig. S13) . Thus, increased LRRK2 expression resulting from a risk polymorphism may have a dual effect on the enhancement of innate immunological responses that underlie inflammation in IBD. This finding may shed light on the pathogenesis of PD given recent data showing that the rs11564258 WT G allele that is highly protective in CD was also significantly protective in PD (OR, 0.69; P = 5.49 × 10 −5 ) (48) . Finally, the finding that blockade of LRRK2 function with a low-molecular weight inhibitor can ameliorate the proinflammatory responses mediated by LRRK2 suggests that such inhibitors could be an effective treatment option for IBD patients, even for those IBD patients lacking the LRRK2 risk polymorphism that nevertheless up-regulate LRRK2 during the normal course of inflammation. However, in view of reports showing that LRRK2 inhibition may affect pulmonary lysosome function, the various LRRK2 inhibitors must first be subjected to extensive long-term toxicity studies in nonhuman primates (49) .
Our findings suggest the possibility that agents that block LRRK2 function could ameliorate colitis in patients with IBD; however, the data set presented is incomplete and needs to be augmented by additional studies. First, it is important to show that patients bearing one of the major LRRK2 risk polymorphisms, particularly as homozygotes, do have elevated LRRK2 expression in the absence of active gut inflammation that can secondarily increase such expression via IFN- secretion. Furthermore, it will be important to show that such increased LRRK2 expression gives rise to increased proinflammatory responses in these patients compared to patients not bearing the polymorphism. Second, our data show that increased responses are restricted to those elicited by Dectin-1 ligands and therefore may be irrelevant to proinflammatory responses induced by other stimuli. Thus, more studies are necessary to define the range of stimuli influenced by LRRK2 expression. Third, although we show that LRRK2 blocking agents ameliorate colitis in the DSS-induced colitis mouse model, this model is not equivalent to CD in human patients. This mandates that LRRK2 blockers be tested in a variety of other mouse models of gut inflammation. Finally, given that LRRK2 occupies an important signaling position vis-à-vis both inflammation and autophagy, it is conceivable that LRRK2 inhibitors would have side effects that preclude their use in patients.
MATERIALS AND METHODS
Study design
This study was designed to determine the effect of risk polymorphisms in the LRRK2/MUC19 gene region associated with CD on LRRK2 expression and the functional consequences of such effects. To this end, LRRK2 expression was assessed in DCs from patients with CD. Lrrk2 Tg mice overexpressing LRRK2 and Lrrk2 KO mice were evaluated for proinflammatory responses and autophagy. LRRK2 mRNA expression in human DCs from 20 patients with CD and in LCLs was measured by real-time PCR. Subsequently, the severity of DSS-induced colitis was determined in Lrrk2 Tg mice by analyzing body weight loss, histological score, and mRNA cytokine expression in Lrrk2 Tg mice and littermate control animals. In addition, Dectin-1-stimulated BMDCs from Lrrk2 Tg mice and littermate controls were assessed for cytokine production, NF-B activation, NFAT responses, and autophagy induction in culture. Finally, the capacity of LRRK2 inhibitors to block cytokine and autophagic responses in Lrrk2 Tg mice and littermate control mice was determined.
Mice
Lrrk2 KO (JAX012453) (50), BAC FLAG-Lrrk2 Tg (JAX012466) (51) , and C57BL/6J mice were purchased from The Jackson Laboratory. The nominally C57BL/6 Lrrk2 KO mice thus obtained had a mixed genetic background containing FVB and 129/SvJ strain; they were therefore crossed with C57BL/6J mice in our animal facility for two or more generations to obtain Lrrk2 heterozygous mice (N10 backcross generation). These Lrrk2 heterozygous mice were then intercrossed with Lrrk2 heterozygous mice to obtain Lrrk2 WT and Lrrk2 KO mice, which were then maintained in the same animal facility for at least three generations to achieve both genetic and intestinal microbial parity (52) . In some experiments, Lrrk2 KO mice derived from Lrrk2 heterozygous breeders were compared with WT control mice arising in the same litter (littermate controls). However, because the frequency of Lrrk2 KO mice derived from heterozygous breeders was low, it was usually difficult to obtain a sufficient number of Lrrk2 KO and WT littermate control mice to conduct studies with littermate control mice in a timely manner; for example, even if a large number of heterozygous breeder pairs were set up to obtain 30 pups per month, this population only contained one or two sex-matched pairs of Lrrk2 KO mice and WT littermates. Thus, in most experiments, Lrrk2 KO mice derived from homozygous breeders were compared with Lrrk2 WT control mice derived from Lrrk2 heterozygous breeders, that is, control mice closely related to the KO mice that were raised in the same environment. These WT controls proved to have a similar phenotype to WT littermates derived from Lrrk2 heterozygous breeders in that BMDCs from both WT mice exhibited similar TNF- production. We did not use C57BL/6J mice (JAX) as control mice because we found that they had different susceptibility to DSS-induced colitis compared with our Lrrk2 WT mice derived and raised as described above ( fig. S12 ). For studies of Lrrk2 Tg mice, the mice were repeatedly crossed with C57BL/6J mice to obtain a pure C57BL/6J background. Tg mice obtained after 14 backcross generations were subjected to DSS-induced colitis in comparison to littermate control mice. GFP-LC3 Tg mice were obtained from N. Mizushima (Tokyo University) and were crossed with Lrrk2 WT, Lrrk2 KO, or Lrrk2 Tg mice. The animal studies were approved by National Institutes of Health (NIH) Animal Care and Use Committee and performed under NIH animal care guidelines.
DSS-induced colitis
Six-to 8-week-old mice were used for DSS-induced colitis. DSS (molecular weight, 36,000 to 50,000) was purchased from MP Biomedicals. DSS was added in the drinking water bottle, given for the indicated days, and then replaced with regular animal facility water for 2 days. We repeated DSS colitis three times in Figs. 1 and 5 and fig. S11 and five times in fig. S2 . Total number of the mice used in DSS colitis is as follows: Fig. 1 (Lrrk2 Tg, n = 12; control, n = 14), fig. S11 (control, n = 15; inhibitor-treated mice, n = 15), and fig. S2 (Lrrk2 WT, n = 23; Lrrk2 KO, n = 22). After mice were sacrificed, colon tissues were fixed in 10% formalin and sent to Histoserv Inc. for H&E staining. For epithelium, histology was scored as follows: 0, normal morphology; 1, loss of goblet cells; 2, loss of goblet cells in large areas; 3, loss of crypts; and 4, loss of crypts in large areas. For infiltration, scoring was as follows: 0, no infiltrate; 1, infiltrate around crypt basis; 2, infiltrate reaching to lamina muscularis mucosae; 3, extensive infiltration reaching the lamina muscularis mucosae and thickening of the mucosa with abundant edema; and 4, infiltration of the lamina submucosa. The total histological score is given as epithelium plus infiltration (53) .
Western blotting
Whole-cell lysates were prepared with radioimmunoprecipitation as say (RIPA) buffer (Santa Cruz Biotechnology) with cOmplete Mini Protease Inhibitor Cocktail and PhosSTOP Phosphatase Inhibitor Cocktail (Roche). The lysate was vortexed every 5 min and cooled on ice for 30 min. After centrifugation (15,000 rpm, 15 min, 4°C), the supernatant was collected, and the protein concentration was measured with a BCA Protein Assay Kit (Pierce). The samples were incubated with LDS sample buffer and reducing reagent (Life Technologies) for 10 min at 70°C and subjected to SDS-polyacrylamide gel electrophoresis with NuPAGE Bis-Tris gels and MOPS or MES buffer (Life Technologies). For high-molecular weight protein, tris-acetate gels and buffer were used. After electrophoresis, the proteins were transferred to polyvinylidene difluoride membrane using Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell (Bio-Rad). The membranes were blocked with SuperBlock (TBS) Blocking Buffer (Thermo Fisher Scientific) or 5% nonfat dry milk and immunoblotted with the indicated primary antibodies and then horseradish peroxidase-conjugated secondary antibodies. The signals were detected with SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific), followed by exposure to Kodak XAR film in a dark room. Nuclear and cytoplasmic extractions were prepared with NE-PER Nuclear and Cytoplasmic Extraction Kit according to the manufacturer's protocol (Pierce). When required, the membrane was stripped with Restore PLUS Western Blot Stripping Buffer (Thermo Fisher Scientific).
Immunoprecipitation
HEK293T cells were transfected with indicated plasmids. Whole-cell lysates of these cells were prepared with cell lysis buffer (Cell Signaling Technology) 18 to 24 hours after transfection. The protein was incubated with the complex of antibody and Dynabeads Protein G for 60 min. The Dynabeads Protein G was washed four times with the buffer that is included in Dynabeads Protein G Immunoprecipitation Kit (Life Technologies). For FLAG-tagged protein, the lysate was incubated with EZview Red anti-FLAG M2 Affinity Gel and washed four times with tris-buffered saline with Tween 20 buffer.
Statistical analysis
A two-tailed Student's t test was used to evaluate the differences between two groups. One-way ANOVA, followed by Dunnett's or Holm-Sidak's multiple comparisons test, was used for multiple group comparisons. Data were analyzed with Prism 6 (GraphPad Software). P < 0.05 was considered statistically significant. All experiments were repeated at least three times and presented as means ± SEM.
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